Deep ultraviolet (DUV) light emitting diodes (LEDs) with emission wavelengths in the range of 200-340 nm have a wide range of potential applications, including environmental protection, bio-medicine, water purification, and high-density data storage. 1, 2 AlGaN alloys have direct band gaps between 3.4 and 6.2 eV and are the prime choice for the realization of DUV LEDs. Si-doped AlGaN plays a key role in UV LED structures as it serves as n-contact layer of the device. Electrons are injected from the n-contact through this layer into the active region. In order to maximize the carrier injection efficiency, the n-type AlGaN layer needs to enable low contact resistance. Moreover, as the layer immediately below the active region, the n-type AlGaN layer also serves as the template for the growth of the subsequent active region. The defect density in the active region will be strongly determined by the defect density in the n-type AlGaN layer. Moreover, because the light output of the AlGaN devices is generally extracted through the n-AlGaN/sapphire side, the n-type AlGaN layer also serves as a window for light output. For these reasons, it is highly desirable to seek methods and techniques to obtain n-type AlGaN layers with high conductivity, high crystal quality, and high UV transparency. In particular, both highly conductive n-type and p-type AlGaN alloys with high Al fraction are indispensable to obtain high performance DUV LEDs. However, highly conductive n-type Al-rich AlGaN alloys are very difficult to achieve due in part to the generation of cation vacancy (V III ) 3À and cation vacancy complexes (V III -complex) 2À during the growth. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Dislocations may also introduce acceptor-like centers through dangling bonds along the dislocation line. 15 Therefore, different methods have been employed to improve the conductivity of n-type AlGaN epilayers, including indium-silicon codoping, 16, 17 using indium as a surfactant. 18 In this letter, we report on the growth of Si-doped Al 0.77 Ga 0.23 N epilayers on sapphire substrate using a double AlN buffer growth method and the incorporation of these Sidoped layers into the DUV LEDs (k ¼ 279 nm) as n-type layers. Variable temperature Hall-effect (standard Van der Pauw) measurement was employed to study the electrical properties. X-ray diffraction (XRD) was used to determine the Al content as well as the crystalline quality of the epilayers. Atomic force microscopy (AFM) was used to probe the surface morphology. No cracks were found on the samples as revealed by AFM images. Photoluminescence (PL) spectroscopy was employed to investigate the optical properties of Si-doped Al 0.77 Ga 0.23 N epilayers. The electroluminescence (EL) spectra and I-V characteristics of fabricated LEDs were also measured and discussed. By using a double AlN buffer growth method for the growth of the n-type AlGaN layer, it was found that the overall quality, including the crystalline quality, surface morphology, PL intensity, and conductivity of the n-type AlGaN epilayers exhibited remarkable improvements compared to n-type AlGaN epilayers grown using a single AlN buffer growth method. The DUV LEDs fabricated with n-type AlGaN epilayers grown using a double AlN buffer growth method exhibited improved performance.
Si-doped Al 0.77 Ga 0.23 N epilayers of thickness 1.5 lm were grown on AlN/sapphire templates by metalorganic chemical vapor deposition (MOCVD). An AlN epilayer with a thickness of about 1.0 lm was first grown on sapphire (0001) substrate and followed by the growth of a Si-doped Al 0.77 Ga 0.23 N epilayers. The targeted Si doping concentration was around 3 Â 10 19 cm À3 in all samples. The metalorganic sources used were trimethylaluminum and trimethylgallium for Al and Ga, respectively. Blue ammonia and silane (SiH 4 ) were used as nitrogen and silicon sources, respectively. The double AlN buffer growth method was initiated by a 15 nm low temperature (950 C) AlN buffer layer (buffer 1) grown at 50 mbar followed by a second 100 nm AlN buffer layer (buffer 2) at 1100 C grown at 50 mbar, and a 1.0 lm thick high temperature (1350 C) AlN layer grown at 30 mbar, The total efficiency of DUV LEDs is substantially limited by the quality of the n-type AlGaN layer grown before the active region. Threading dislocations (TDs) in the n-type AlGaN layer continue to propagate into the active layers. These dislocations facilitate non-radiative recombination by providing allowed states within the bandgap. Consequently, we require the n-type AlGaN layer to have a low TD density. Surface morphologies of both Si-doped Al 0.77 Ga 0.23 N epilayers were studied by AFM. Figures 1(c) and 1(d) show, respectively, the AFM images of Si-doped Al 0.77 Ga 0.23 N epilayers grown with single and double AlN buffer layers.
Root-mean-square (RMS) roughness is 2.3 nm and 1.5 nm, respectively, probed in a scanned area of 10 Â 10 lm 2 . The surface of Si-doped Al 0.77 Ga 0.23 N epilayer grown using single AlN buffer in Fig. 1(c) is characterized by a larger density of surface pits (defects). The higher pits density reflects a higher TD density in the material. 21, 22 It is critical to reduce TD density in order to achieve high internal quantum efficiency. The surface of Si-doped Al 0.77 Ga 0.23 N epilayer grown using double AlN buffer layers shown in Fig. 1(d) is almost clean. This indicates that double AlN buffer layers effectively decrease TD density by working as a dislocation filter.
XRD measurements were performed to determine the Al contents and crystalline quality of the Si-doped AlGaN epilayers. Figure 2(a) shows the (002) x-2h scan curves of the two Si-doped Al x Ga 1Àx N epilayers grown using double (above) and single (below) AlN buffer layers. Taking the diffraction peak of AlN template at 36.02 as a reference point, the corresponding peaks of Si-doped Al x Ga 1Àx N epilayers reveal almost the same position at 35. 7 . The positions of the XRD peaks suggest that the molar fraction x in Si-doped Al x Ga 1Àx N epilayers is around 0.77 in both samples. XRD rocking curves of the symmetric (002) reflection peak of Sidoped Al 0.77 Ga 0.23 N epilayers are shown in Fig. 2(b) . A full width at half maximum (FWHM) of 230 arc sec was obtained for the sample grown using double AlN buffer layers in comparison with 310 arc sec for the sample grown using single AlN buffer layer. The screw dislocation density can be estimated from the FWHM of the (002) XRD peak 23 and was seen to reduce from $2.0 Â 10 8 in the sample with a single buffer layer to 1.13 Â 10 8 cm À2 in the sample with double AlN buffer layers.
The room temperature (300 K) PL emission properties of Si-doped Al 0.77 Ga 0.23 N epilayers have been investigated and the 300 K PL spectra are displayed in Fig. 3 . In both samples, the band-edge emission line at around 5.34 eV is attributed to the localized exciton recombination (Refs. 24 and 25), whereas a stronger emission line around 2.98 eV is also evident. The origin of the deep level impurity transition at 2.98 eV has been well understood and is due to the recombination between shallow donors and cation vacancy complexes with two-negative charge (V III -complex) 2À . 4 The results shown in Fig. 3 clearly indicate that the intensity ratio of the band-edge emission ($5.34 eV) to the deep level impurity transition ($2.98 eV) increased by a factor of about 3 for the sample grown using double buffer layers. This is a direct consequence of an improved crystalline quality and a reduced TD density by employing the double buffer technique. Figure 5 shows the I-V characteristics (a), and the EL spectra (b) of the two DUV LEDs with a 300 lm diameter size. The EL spectra were measured at a forward current of 40 mA. It can be seen in Fig. 5(a) that the use of double AlN buffer layers reduces both the serial resistance and the turnon voltage of the DUV LED. The turn-on voltage, V f , of DUV LEDs with double and single AlN buffers are 5.2 V and 6.7 V, respectively. Improvements in both the emission intensity and the width of the EL spectra are also evident in Fig. 5(b) . The EL intensity of DUV LED with double AlN buffer layers is 1.5 times stronger than that of DUV LED with single AlN buffer. The full width at half maximum (FWHM) of EL spectra of DUV LEDs with double and single AlN buffers are 210 meV (13 nm) and 340 eV (21 nm), respectively. The results shown in Fig. 5 are a direct consequence of the use of double AlN buffer layers that reduces TD density leading to a lower resistivity and better crystalline quality of the device structure, which we believe is a useful strategy to enhance the performance of DUV LEDs.
In summary, the use of double AlN buffer layer growth method was shown to reduce the density of threading dislocations, improve crystalline quality, and lower the resistivity 
